 Model predicts AIS data reception in the majority of Scottish coastal waters.  Open source software provides a useful and effective platform for AIS data analyses.  AIS data facilitates incorporation of small scale fisheries into spatial planning.  AIS data useful to characterise fishing trips and most important fishing grounds.  Important limitations of using AIS data for regulatory purposes identified.
Introduction

23
Marine spatial planning is a process that improves decision making through the allocation of 24 uses to the marine environment to achieve ecological, economic, and social objectives. Fishing 25 activities are reliant on the marine environment, have considerable socio-economic importance 26 and contribute to food security [1, 2] . Increasing competition for space use in the marine 27 environment [3] drives the need to map fishing activities to inform marine planning and meet 28 policy commitments. In Europe, these commitments include the development of Marine
29
Protected Areas (MPAs) and MPA networks [4] , which can displace fishing activities [5] , the 30 installation of marine renewable energy devices which can exclude certain types of fishing gear 31 [6], expansion of aquaculture, and marine related leisure activities. Assessing the spatio-32 temporal distribution of fishing activities can inform managers of fisheries interactions with 33 the environment [7] and this information is needed to achieve Good Environmental Status 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59   2   35   36 Fishers have been traditionally reluctant to share information on where they fish, but a 37 combination of regulation, and market demands will require fishers to demonstrate that they 38 are fishing stocks within safe biological limits and in areas where they are permitted to do so 39 (e.g. an increasing number of retailers are adapting their buying policies to exclude non- 40 sustainable products [8] ). Conflicts between competing users of marine space are increasing 41 [3]. Balancing the trade-offs between these activities requires an objective evidence base of 42 spatio-temporal use, environmental, social and economic impact. Both resource users and those 43 that regulate their activities will require these data as historic and contemporary records to 44 support continued use and assess competing claims. 60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116  117 [24] . The aim of the study was to determine the feasibility of utilising AIS data as a 99 tool for informing fisheries management and marine spatial planning with respect to SSF in 100 Scotland and to consider the wider implications of using these data for compliance purposes.
101
This included the assessment of AIS transmitter coverage and the development of a relational 102 database to collate and analyse inshore fishing activity data. A total of 274 small scale fishing 119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176 between the transmitter and receiver may result in transmission being impaired or blocked. The 116 purpose of this study was to assess the utility of using terrestrial AIS receivers which are either Three Administrative Districts (AD; areas encompassing several landing ports) were selected.
169
Only static gear vessels (commercial inshore fishing vessels ≤12 m using creels and pots) were 170 analysed to avoid potential differences in operational characteristics caused by gear variation .   237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294 The main species targeted by these vessels were European lobster, brown crab, velvet crab, and
181
Norway lobster. 296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353 assumed that a minimum of 12 locations were needed to describe a fishing trip: 3 steaming 217 from port, 6 to characterise a creel deployment pattern, and 3 when steaming back to port.
218
Therefore, only tracks with 12 or more locations were retained.
220
Trips in which the total distance travelled was less than 300 m were removed (a conservative 221 estimate of the average minimum distance required to transit in and out of a fishing port).
222
More than 90% of the trips started and ended less than 500 metres away from the coast, 223 therefore, to reduce underestimation of trip duration and distance travelled, only tracks where 224 both the start and end points were less than 500 metres from the coast were retained. This travelled among the three regions were explored using an ANOVA, followed by a post-hoc 237 Tukey test. Normality and homogeneity of error within groups was assessed using a Shapiro-
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Wilks and Bartlett test respectively. A track was considered to be an individual fishing trip if 355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413   8   239 there was a start and end location in close proximity to the coast. Intermediate locations 240 within each track concentrated close to each other usually forming a "looping pattern" (see 414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471 To identify which grid cells were used by multiple vessels, the number of vessels fishing in The AIS reception model suggests that the majority (~85%) of Scottish Territorial waters are 287 covered (Fig. 1) . Discrete areas such as within sea lochs, west of Skye, outer Moray Firth, Firth
288
of Forth, and north-west coast of the mainland show poor predicted reception (Fig. 1) , which 289 may require more detailed investigation. In areas with low predicted reception, scarcity of AIS 290 records resulted in failure to identify individual fishing trips (Fig. 2a) . However, in areas where 291 the predicted reception was high, individual fishing trips could be identified for each vessel 292 (Fig. 2b) . 473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531   10   306 Fife, the frequency of AIS records ranged from 5 -7 minutes even when vessels were clearly 307 in transit. Mean trip duration showed regional differences (Fig. 3a) The set of criteria used to identify fishing trips showed low error rates (Outer Hebrides = 9.4%, grounds, (those that had been fished in August and September) (Fig 4 a-c) . In Shetland, fishing   532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590   11   340 activities concentrated in the same areas from August to October (Fig. 4 d-f ). In the Outer 341 Hebrides, while fishing activities occurred on both the western and eastern side of the islands 342 during August and September, in October, activities concentrated more on the Eastern side 343 (Fig. 4 g-i) . (Fig. 5 a-c) . In Shetland, the number of vessels using fishing grounds and distance travelled, and an index of vessel dependency to particular fishing areas were also 367 estimated at spatial scales more suited to SSF management than those currently used. However,
Vessel dependency on fishing grounds
368
our results also flag several issues that should be addressed in order for the methodology to be 369 widely applicable for statutory fisheries management and marine planning purposes. 372   591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648 predicted areas and recorded areas of AIS reception from vessels were evident in this study 378 (e.g. Figure 1b) . The base stations used were those officially licenced AIS transceivers 379 registered with Ofcom (the UK regulator), therefore, the predicted range of reception is highly 380 conservative as it does not take into account the numerous AIS receivers that provide AIS data 381 but are not required to be licenced. Ofcom (the UK regulator) only requires AIS transceivers 382 to be licenced and to provide technical information including the location of these devices [26] .
AIS data: coverage, opportunities and challenges
383
Companies that harvest AIS data commercially acquire these data from various sources, 650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681  682  683  684  685  686  687  688  689  690  691  692  693  694  695  696  697  698  699  700  701  702  703  704  705  706  707  708   13   407 and provenance of these data needs to be of a standard that will bear scientific and legal 408 scrutiny.
410
AIS Data Utility in the context of SSF
412
Individual fishing trips could be identified by applying a set of filtering criteria to the AIS data.
413
In this study, criteria were necessary to discern fishing trips from non-fishing movements 414 between ports or periods during which the vessel was transmitting its location but was in port.
415
Consideration had to be given to tailoring the criteria to the specific fishery and allow for some and the abundance and location of target species [39] . Estimates of distance travelled could be 435 used to estimate fuel costs and when combined with vessel characteristics such as size, engine 436 capacity and value of catch, for example, estimates of profitability and fleet-scale economic 437 viability could be assessed [40, 41] . 709  710  711  712  713  714  715  716  717  718  719  720  721  722  723  724  725  726  727  728  729  730  731  732  733  734  735  736  737  738  739  740  741  742  743  744  745  746  747  748  749  750  751  752  753  754  755  756  757  758  759  760  761  762  763  764  765  766  767   14   441 fishing activity than vessels in Fife and Shetland. This may be associated with longer fishing 442 trips (both in duration and in distance covered) and associated higher fuel expenses. The spatial 443 scales and temporal resolution of these fisheries data would depend on the questions addressed, would need appropriate validation and quality control to meet minimum standards defined by 472 the competent authority. AIS is not tamperproof, data can be falsified [46] , entered in error, 473 and these systems could be vulnerable to cyberattack. The AIS units will also need to remain 474 active throughout the trip, unable to be switched off during fishing activity and be capable of 768  769  770  771  772  773  774  775  776  777  778  779  780  781  782  783  784  785  786  787  788  789  790  791  792  793  794  795  796  797  798  799  800  801  802  803  804  805  806  807  808  809  810  811  812  813  814  815  816  817  818  819  820  821  822  823  824  825  826   15   475 retrospective reporting if switched to silent mode during fishing activity. In the absence of 476 binding and enforceable regulation, it is unlikely that fishers will universally adopt and 477 consistently use AIS. As AIS is principally designed as a collision avoidance system, it could 478 be argued that using it for monitoring fishing activity and by extension compliance and 479 enforcement of regulations, may undermine its use for safety purposes. Notwithstanding these 480 caveats AIS is no more vulnerable than other methods of tracking fishing vessel activity and 481 probably represents a low cost, accessible and an increasingly widely available data source.
483
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Number of vessels separate fishing from non-fishing activities (Fig. B2) . the Outer Hebrides. Same scale used across regions for visualization purposes.
